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Abstract 


Fire  management  agencies  in  the  United  States  (US)  use  fire  danger  indices  from  National  Fire 
Danger  Rating  Systems  as  decision-support  tools.  A  widely  used  index  tracking  seasonal  dryness 
in  the  western  US  is  the  Energy  Release  Component  (ERC).  Historically,  ERC  percentile 
thresholds  provide  information  on  the  potential  for  large  and  uncontrollable  fires,  but  climate 
change  may  alter  the  utility  of  specific  percentiles  in  identifying  large  fire  potential  in  the  future. 
We  investigated  two  management-focused  questions:  1)  how  has  seasonal  ERC  and  percentile 
values  changed,  and  2)  how  will  ERC  and  the  number  of  high  fire  danger  days  change  under 
projected  future  climatic  conditions.  We  calculated  historical  and  future  ERC  for  Predictive 
Service  Areas  in  Oregon  and  Washington  using  station  observations  and  downscaled  climate 
models,  respectively.  ERC  and  frequency  of  high  fire  danger  days  during  the  fire  season 
increased  for  most  PSAs  over  the  1981-2010  period.  These  increases  were  consistent  with 
projected  increases  in  ERC  and  high  fire  danger  days  using  climate  projections,  with  the  most 
acute  increases  projected  east  of  the  Cascades  and  during  the  peak  of  the  fire  season.  Irrespective 
of  changes  in  vegetation  and  fire  management,  these  changes  in  fire  danger  have  and  will 
continue  to  increase  wildfire  exposure  across  the  region. 
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1.  Introduction 


Wildland  fire  managers  have  long  recognized  the  interannual  variability  in  regional  fire  activity 
and  seasonal  dryness.  A  number  of  different  fire-danger  indices  have  been  developed  to  monitor 
seasonal  fire  potential  due  to  variability  in  weather  and  climate  (e.g.,  McArthur,  1967;  Van 
Wagner,  1987;  Stocks  et  al.,  1989).  The  National  Fire  Danger  Rating  System  (NFDRS)  was 
developed  in  the  United  States  in  the  1970s  as  a  statistical-based  system  used  to  model  fire 
behavior,  initiation,  and  spread  (Bradshaw  et  al.,  1984;  Cohen  and  Deeming,  1985;  Burgan, 
1988).  These  fire  danger  indices  and  systems  all  utilize  daily  surface  meteorological  data  from 
weather  stations,  but  differ  in  their  sensitivities  to  forcing  variables  and  serial  correlation  thus 
resulting  in  different  application  potential  to  vegetation  types  (e.g.,  Wotton,  2009;  Molders, 
2010). 

Federal,  state  and  local  fire  management  agencies  in  the  United  States  use  NFDRS  indices  as 
measures  of  fire  danger,  including  Energy  Release  Component  (ERC),  a  weather-climate  hybrid 
index  of  daily  fire  energy  intensity  that  considers  the  cumulative  drying  effect  of  weather  in  the 
previous  days  to  weeks  to  estimate  live  and  dead  fuel  moisture  values  (Bradshaw  et  al.  1984; 
Cohen  and  Deeming  1985).  ERC  is  the  most  widely  used  index  in  the  western  United  States  to 
track  seasonal  dryness  (Brown  et  al.,  2002;  Andrews  et  al.,  2003).  These  numerical  values  are 
used  as  fire  business  decision  support  tools  to  guide  suppression  and  fuel  treatments  activities. 
The  historical  distribution  of  ERC  helps  define  periods  of  high  fire  danger;  above  the  historical 
90th  percentile  the  potential  for  large  fires  increases  and  above  the  97th  percentile  uncontrollable 
fires  are  expected.  ERC  is  among  the  key  indicators  used  in  developing  pocket  cards  used  by 
firefighters  to  compare  the  current  season  with  notable  fire  seasons  and  large  fires  of  the  past  in  a 
local  area  (Andrews  et  al.  1998,  see  also  http://fam.nwcg.gov/fam-web/pocketcards/default.htm). 

Annual  mean  temperature  in  the  Pacific  Northwest  increased  by  approximately  0.6°-0.8°C  from 
1901  to  2012,  with  nearly  all  of  the  increase  in  summer  temperature  occurring  in  the  past  three 
decades  (Abatzoglou  et  al.,  2014).  In  the  absence  of  long-term  coherent  changes  in  precipitation, 
warming  temperatures  and  an  earlier  commencement  of  the  growing  season  can  promote 
declines  in  soil  and  fuel  moisture,  increased  ERC,  and  fuels  that  are  more  receptive  to  fire. 
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Studies  have  noted  an  increase  in  the  length  of  the  fire  season  in  the  western  United  States  due  to 
earlier  snowmelt  and  increased  temperatures  (Westerling  et  al.  2006),  although  increased  vapor 
pressure  deficit  and  ERC  during  the  fire  season  have  also  contributed  (Williams  et  al.,  2014; 
Abatzoglou  and  Kolden,  2013). 

Fire  managers  in  the  western  United  States  have  begun  to  wonder  how  both  observed  and 
projected  changes  in  climate  may  be  manifest  in  terms  of  fire  danger  indices  such  as  ERC.  Large 
fires  have  become  more  frequent  and  total  area  burned  has  increased  across  the  West  during  the 
last  30  years  (Dennison  et  al.,  2014)  and  over  the  past  century  (Littell  et  al.,  2009).  Significant 
increasing  trends  in  ERC  during  1979-2012  occurred  throughout  the  Southwest  US  and  in  some 
areas  in  southeast  Oregon  and  eastern  Washington,  though  the  trend  in  most  areas  in  Oregon  and 
Washington  were  not  distinguishable  from  zero  (Abatzoglou  and  Kolden,  2013).  Applying 
statistical  relationships  between  very  large  fires  and  weekly  variability  in  temperature,  ERC,  and 
other  weather  variables,  to  future  climate  conditions,  the  probability  of  very  large  wildfires  is 
projected  to  increase  by  at  least  30%  by  the  end  of  the  century  in  the  West  (Stavros  et  al.,  2014). 
ERC  percentiles  are  a  good  predictor  of  frequency  of  large  fires  and  area  burned  (Riley  et  al., 
2013),  but  some  managers  suspect  that  the  90th  and  97th  percentile  values  will  increase  as  new 
data  is  included  such  that  what  is  considered  high  fire  danger  today  may  occur  at  lower 
percentile  values  in  the  future.  We  describe  the  historical  seasonal  ERC  and  90th  and  97th 
percentile  values,  examine  recent  ERC  trends,  and  present  projections  of  ERC  and  frequency  of 
high  fire  danger  days  under  future  climate  conditions  for  Oregon  and  Washington. 


2.  Data 

Our  region  of  interest  includes  the  US  states  of  Washington  and  Oregon.  Strong  longitudinal 
gradients  in  temperature  and  moisture  exist  across  the  region  and  are  further  reinforced  by  the 
north-south  oriented  Cascade  Mountains.  The  region  receives  the  majority  of  its  annual 
precipitation  during  the  cool  season  (Oct-May)  with  over  an  order  of  magnitude  difference  in 
precipitation  between  the  windward  slopes  of  the  Cascades,  coast  range  and  Olympics  and  the 
rain-shadowed  deserts  in  central  to  eastern  Washington  and  Oregon.  Summer  temperature  and 
humidity  are  moderated  in  western  Oregon  and  Washington  due  to  the  maritime  influence, 
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whereas  east  of  the  Cascade  crest  summer  temperature  and  humidity  are  more  continental.  The 
Northwest  Coordination  Center  (NWCC)  developed  12  Predictive  Service  Areas  (PSAs) 
covering  the  region  (Figure  1,  Table  1)  to  track  subregional  changes  in  fire  danger  and  fire 
activity.  Each  PSA  represents  an  area  of  similar  seasonal  trends  in  fire  danger  and  wildfire 
activity.  Climate  provides  a  template  for  the  ecoregions  that  cover  the  region.  Western  PSAs  on 
the  windward  side  of  the  Cascade  Mountain  Range  (NW01-NW04)  and  in  northeast  Washington 
(NW08,  NW09)  are  generally  characterized  by  dense,  closed  canopy,  and  multi-layered  forests, 
dominated  by  coastal  Douglas-fir,  western  hemlock,  and  several  species  of  true  firs.  Central  and 
eastern  forest  PSAs  on  the  lee  side  of  the  Cascade  Mountains  (NW05-NW07)  and  the  Blue 
Mountains  (NWll)  are  generally  characterized  by  more  open  forests  with  grassy  or  shrubby 
understories;  the  most  common  tree  species  are  ponderosa  pine,  interior  Douglas-fir  and  either 
grand  fir  or  white  fir.  The  semi-arid  PSAs  (NW10  and  NW12)  consist  of  grassland,  sagebrush- 
steppe  and  juniper  woodlands. 

2.1  Station  Data 

To  support  fire  danger  rating,  federal  and  state  firefighting  agencies  initially  established  a  system 
of  manual  weather  stations  (Fisher  and  Bradley  1976)  that  have  subsequently  been  replaced  with 
remote  automated  weather  stations  (RAWS).  NWCC  identified  from  3  to  9  representative 
RAWS  within  each  PSA  that  are  used  to  assess  changes  in  fire  danger  across  the  geographic  area 
to  support  decisions  concerning  movement  of  firefighting  resources  and  prioritization  of  large 
fires.  We  obtained  station  catalogs  and  daily  datasets  from  station  start  year  to  2010  for  the  73 
key  stations  used  operationally  by  NWCC. 

Typically,  trend  analyses  use  all  available  years,  but  as  daily  records  were  missing  a  considerable 
amount  of  data  prior  to  1980,  we  constrained  our  analyses  to  data  from  1981-2010  to  reduce  the 
impact  of  missing  data  on  the  results.  For  NW10,  data  was  available  starting  only  in  1987.  Many 
RAWS  records  (and  thus  PSA  records)  are  missing  considerable  data  before  and  after  the 
declared  fire  season  (June  1  to  October  31)  as  not  all  RAWS  are  operated  year-round  and  of 
those  that  are  most  lack  heated  rain  gauges  so  generally  do  not  accurately  measure  winter 
precipitation,  so  we  restricted  our  analysis  to  the  fire  season  for  the  same  reason.  Some  missing 
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data  remained,  but  preliminary  procedures  to  fill  in  the  gaps  suggest  that  filling  gaps  would  have 
little  effect  on  the  results  so  is  not  pursued  further  here. 

We  conducted  an  extensive  quality  control  procedure  on  the  station  data  following  Serreze  et  al 
(1999)  and  including  manual  removal  of  erroneous  data.  Daily  temperatures  outside  of  state 
records  of  -48°C  (-54  °F)  and  48°C  (119  °F)  were  set  to  missing  along  with  any  internal 
inconsistencies  (e.g.,  the  daily  maximum  temperature  being  less  than  the  daily  minimum 
temperature).  Daily  temperatures  exceeding  3  standard  deviations  of  monthly  means  were  also 
removed.  This  procedure  was  performed  a  second  time  with  recomputed  means  and  standard 
deviations.  For  precipitation,  negative  values  and  values  larger  than  38.1  cm  (15  in)  were  set  to 
missing  values  as  well  as  values  outside  of  5  standard  deviations  of  monthly  means  for  square 
root  of  precipitation  following  Serreze  et  al  (1999).  Any  spurious  values  that  remained  were 
checked  manually  and  removed  if  found  to  be  inconsistent  with  nearby  stations.  For  relative 
humidity,  negative  and  zero  values  and  values  larger  than  100%  were  set  to  missing  values  along 
with  any  internal  inconsistencies. 

The  maximum  amount  of  data  removed  from  a  station  record  by  this  procedure  was  ~3%  for 
temperature  data  and  -2%  for  precipitation  data.  In  half  of  the  stations,  less  than  1%  of 
temperature  data  and  less  than  0.1%  of  precipitation  data  was  removed.  For  relative  humidity 
variables,  up  to  a  quarter  of  the  data  was  removed  for  a  few  stations,  but  for  half  of  the  stations, 
less  than  2%  was  removed.  Historical  trends  were  computed  prior  to  quality  control,  but  the 
quality-controlled  version  of  the  station  data  was  used  to  bias-correct  the  downscaled  GCM  data 
where  erroneous  values  would  have  a  larger  impact.  We  also  did  not  correct  RAWS  data  for 
station  biases  (e.g.,  station  moves,  vegetation  canopy  changes,  instrumental  changes,  etc.)  that 
may  affect  trends  in  the  observational  record. 

2.2  Global  Climate  Model  Data 

Historical  (1950-2005)  and  future  (2006-2100)  simulations  were  acquired  from  18  global  climate 
models  (GCMs)  that  participated  in  the  Coupled  Model  Intercomparison  Project  phase  5 
(CMIP5,  Taylor  et  al.,  2012;  Table  2).  We  considered  two  future  scenarios:  Representative 
Concentration  Pathways  4.5  and  8.5  (RCP4.5  and  RCP8.5),  corresponding  to  future  pathways  of 
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radiative  forcing  (additional  energy  trapped  by  the  Earth- Atmosphere  system  by  2100,  measured 
in  W  m~“,  quantified  relative  to  preindustrial  conditions  circa  1765).  RCP  4.5  represents  a 
reduction  in  the  current  rate  of  greenhouse  gas  emissions  while  our  current  trajectory  aligns  most 
closely  with  RCP8.5,  which  represents  continued  emissions. 

Daily  output  of  maximum  and  minimum  temperature  (TMAX,  TMIN),  maximum  and  minimum 
relative  humidity  (RMAX,  RMIN),  precipitation  (PPT),  and  downward  shortwave  solar  radiation 
(RSDS)  from  the  first  ensemble  member  of  each  model  was  statistically  downscaled  using  the 
Multivariate  Adaptive  Constructed  Analogs  (MAC A)  method  (Abatzoglou  and  Brown,  2012). 
Downscaling  was  performed  first  to  the  gridded  surface  meteorological  dataset  of  Abatzoglou 
(2013)  at  1/24  deg  (~4-km)  spatial  resolution  that  contains  the  requisite  variables  for  computing 
ERC.  The  incongruence  between  gridded  data  and  station  data  can  be  rather  pronounced  in 
complex  terrain,  necessitating  that  we  adjust  the  downscaled  projections  for  the  station  location. 
Secondly,  we  extracted  data  from  the  pixel  closest  to  each  of  the  RAWS  and  performed  a  bias 
correction  of  each  of  the  downscaled  fields,  except  RSDS,  to  ensure  that  the  historical  modeled 
data  have  the  same  statistics  as  the  observed  RAWS. 

We  derived  daily  values  for  ‘precipitation  duration’  (PDUR)  and  ‘state  of  the  weather’  (SOW) 
using  the  downscaled  data  at  the  stations  following  Abatzoglou  and  Kolden  (2013).  We 
estimated  PDUR  using  formula  (1), 

(1)  PDUR  =  24  *  (1  -  e-P*PPT ) 

Where  PPT  is  the  daily  precipitation  total  and  /?  is  a  function  of  latitude  and  longitude  and  can  be 
thought  of  as  the  inverse  of  average  precipitation  intensity  (M.  Jolly,  personal  communications). 
The  SOW  was  determined  by  daily  precipitation  and  percent  of  maximum  daily  solar  insolation 
(Table  3).  For  example,  the  state  of  the  weather  was  assigned  SOW  6  (rain)  when  PPT  was 
greater  than  0.13  cm  (0.05  in)  and  for  days  with  PPT  less  than  0.02  cm  (0.01  in),  the  state  of  the 
weather  was  assigned  SOW  3  (overcast)  when  RSDS  was  less  than  50%  of  maximum,  and  0 
(clear)  when  RSDS  was  greater  than  91%  of  maximum. 
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3.  Methods 


3.1  Historical  ERC 

We  imported  data  from  the  73  key  RAWS  into  FireFamilyPlus  4.1  beta  (FFP)  (RMRS,  2002; 
Bradshaw  and  Tirmenstein,  2009)  and  created  Special  Interest  Groups  (SIGs)  for  each  PSA  and 
assigned  equal  weight  to  all  reporting  stations  in  each  PSA,  in  keeping  with  the  procedures  used 
by  NWCC.  Thus,  if  only  one  key  station  had  data  for  a  specific  day,  the  PSA  dataset  had  data  for 
that  day.  Missing  data  in  the  PSA  dataset  arose  when  none  of  the  key  stations  used  within  that 
PSA  contained  a  data  point.  Less  than  10%  of  fire  season  days  during  1981-2010  were  missing 
for  each  PSA  record,  except  NW12  in  which  13%  of  days  were  missing  (Table  1).  Key  stations 
within  a  PSA  began  recording  data  in  different  years  resulting  in  an  increasing  number  of 
reporting  key  stations  over  time,  which  could  influence  PSA  weather  records  and  trends.  For 
example,  four  out  of  the  nine  key  stations  in  NW01  didn’t  start  recording  data  until  sometime 
after  1981,  with  one  station  starting  as  late  as  2001.  Key  stations  within  a  PSA  were  all  reporting 
data  by  the  mid-1990s  for  most  PSAs  (Table  1). 

We  followed  the  standards  used  by  NWCC,  by  (i)  using  fuel  model  G  since  it  best  reflects  the 
seasonal  dynamics  of  the  fire  season  regardless  of  vegetation  differences  between  PSAs,  (ii) 
assuming  herbaceous  plants  are  mainly  perennial  in  all  PSAs,  which  allows  for  more  direct 
comparisons  between  PSAs  because  different  cure  rates  for  annual  and  perennial  grasses  affect 
calculated  ERC  (Bradshaw  et  al.  1984),  and  (iii)  using  constant  green-up  dates.  This  procedure 
resulted  in  daily  ERC  for  the  30-year  period  from  1981-2010  during  the  fire  season  (Jun-Oct). 

We  calculated  the  90th  and  97th  percentiles  of  fire  season  ERC  for  each  PSA  and  rounded  this 
number  to  the  nearest  integer.  We  also  calculated  the  fire  season  mean  ERC  and  the  number  of 
fire  season  days  greater  than  the  1981-2010  90th  and  97th  ERC  percentiles.  The  number  of  fire 
season  days  per  year  exceeding  thresholds  was  converted  to  a  percentage  by  dividing  by  the 
number  of  non-missing  data  points  per  year.  We  also  computed  the  mean  ERC  and  percent  of 
days  greater  than  the  1981-2010  fire  season  90th  and  97th  percentile  thresholds  for  each  month  of 
the  fire  season  (Jun-Oct). 
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We  analyzed  trends  in  the  mean  fire  season  ERC  and  the  percent  of  fire  season  days  exceeding 
the  1981-2010  90th  and  97th  percentile  thresholds  using  the  statistical  software  R  (R  Core  Team, 
2013).  We  also  evaluated  trends  for  each  month  from  Jun-Oct.  We  computed  the  least-square 
linear  regression  and  evaluated  the  significance  of  the  trend  using  the  non-parametric  Mann- 
Kendall  trend  test.  In  the  case  of  a  time  series  with  significant  autocorrelation,  we  bootstrapped 
the  Mann-Kendall  statistic  (n=500)  to  construct  the  95%  confidence  interval.  Several  time  series 
of  percent  of  days  greater  than  90th  and  97th  percentile  thresholds  displayed  heteroskadasticity 
(non-constant  variance  of  residuals)  due  to  the  presence  of  zeros  in  the  early  part  of  the  record. 
This  implies  that  the  linear  model  of  the  trend  is  inefficient  and  the  significance  may  be 
overestimated,  calling  for  caution  in  the  interpretation  of  trends  in  these  time  series. 

3.2  Future  ERC 

Using  the  downscaled  variables  of  daily  TMIN,  TMAX,  RMIN,  RMAX,  PPT,  PDUR,  and  SOW 
at  each  station,  we  estimated  ERC  with  the  method  utilized  in  Abatzoglou  and  Kolden  (2013).  In 
this  method,  fuel  model  G  is  used  with  dynamic  green-up  dates  defined  by  the  first  day  of  each 
year  when  the  normalized  growing  season  index  for  each  pixel  >0.5  (Jolly  et  al.,  2005;  M.  Jolly, 
personal  communications).  We  replaced  missing  values  in  the  bias  corrected  data  with  default 
values  which  should  put  the  fuels  to  ‘sleep’,  namely  temperatures  of  0  °C,  relative  humidity  of 
100%  and  zero  precipitation.  Since  these  missing  values  all  occur  in  winter  before  green-up, 
these  should  have  very  small  influences  on  any  results. 

We  analyzed  future  ERC  for  early-  (2010-2039)  and  mid-  (2040-2069)  century  and  compared 
against  the  modeled  historical  baseline  period  (1950-2005).  The  downscaled  data  were  adjusted 
to  match  the  statistics  of  the  RAWS  observations  from  1981-2010,  so  it  is  proper  to  use  the  entire 
modeled  historical  baseline  in  comparison  with  observations.  As  in  the  RAWS  analysis,  we 
computed  the  fire  season  mean,  90th,  and  97th  percentile  thresholds  for  each  time  period  for  each 
model  and  each  scenario  and  each  PSA.  We  computed  the  percent  of  days  during  the  fire  season 
and  during  each  month  of  the  fire  season  above  the  modeled  historical  (1950-2005)  fire  season 
thresholds,  and  daily  mean  ERC  climatology  over  each  time  period.  Results  below  are  presented 
as  the  multi-model  mean  change  (that  is,  computing  the  future  change  for  each  model  compared 
to  each  model's  historical  period,  then  averaging  the  amount  of  change). 
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4.  Results 


4.1  Climatology 

Climatological  ERC  increases  throughout  spring  and  into  summer  before  reaching  its  peak  in 
August  and  subsiding  thereafter  (Appendix  A).  ERC  values  are  lower  west  of  the  Cascades  and 
higher  in  the  semi-arid  central  and  eastern  parts  of  the  region  and  at  more  southerly  latitudes 
(Table  4).  Similarly,  the  fire  season  90th  (97th)  ERC  percentiles  for  the  1981-2010  period  vary 
geographically  across  the  region  (Figure  2,  Tables  5,  6).  By  definition,  approximately  10%  and 
3%  of  fire  season  days  during  1981-2010  exceed  the  90th  and  97th  percentile  thresholds, 
respectively.  High  fire  danger  days  are  primarily  concentrated  in  July-September,  with  some 
regional  differences  (e.g.,  greater  percent  of  days  in  Sep-Oct  in  the  southwestern  PSAs)  (Table  7, 
Appendix  B). 

4.2  Observed  Trends 

Linear  trends  in  mean  fire-season  ERC  exhibited  increases  of  3  to  7  units  per  decade  over  the 
1981-2010  period  (Table  8,  Appendix  C),  with  the  largest  increases  in  northeastern  WA  (NW08 
and  NW09)  and  northeastern  OR  (NWll).  Trends  were  significant  at  the  95%  level  for  all  but 
three  PSAs  (NW01,  NW10,  NW12).  Likewise,  significant  positive  trends  in  ERC  were  observed 
for  the  months  of  July,  August,  and  September  in  most  PSAs,  as  well  as  for  October  in  six  PSAs 
(NW04,  NW06,  NW07,  NW08,  NW09,  NWll).  Conversely,  no  significant  trends  were  found 
for  June  ERC.  The  nearly  significant  negative  June  ERC  trend  in  NW12  is  associated  with  a 
positive  trend  in  June  precipitation  (not  shown).  No  significant  trends  in  ERC  were  observed  in 
the  wettest  PSA  (NW01  -  northwestern  WA)  as  well  as  two  of  the  driest  PSAs  in  the  eastern  part 
of  the  region  (NW10,  NW12  -  Columbia  Basin,  southeast  OR)  for  the  fire  season  as  a  whole, 
although  an  increase  in  August  ERC  was  noted  for  the  latter.  Abatzoglou  and  Kolden  (2013)  also 
found  significant  trends  in  ERC  in  some  Northwest  locations,  but  the  magnitude  was  smaller  on 
the  order  of  3-4  units  per  decade.  This  difference  in  trend  magnitude  may  be  due  to  several 
factors  including  the  increasing  number  of  reporting  stations  within  a  PSA  over  time  and  station 
moves  during  the  switch  from  manual  to  automated  reporting. 
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Increases  in  percent  of  the  fire  season  and  individual  months  of  July-September  exceeding 
historical  90th  percentile  ERC  thresholds  were  found  for  all  but  three  PSAs,  the  same  three 
without  a  significant  trend  in  the  mean  (Table  9,  Appendix  D).  Likewise,  an  increase  in  the 
percent  of  days  exceeding  the  97th  was  noted  for  several  PSAs  east  of  the  Cascades  (Table  10, 
Appendix  D).  While  linear  trends  oversimplify  the  time  evolution  of  such  time  series,  much  of 
the  increase  appears  to  arise  due  to  differences  since  the  year  2000.  While  western  PSAs  did  not 
have  significant  trends  in  percent  of  fire  season  days  exceeding  the  97th  percentile,  there  were 
significant  trends  in  August  or  September  for  NW02,  NW03,  and  NW04. 

4.3  Future  Projections 

The  multi-model  mean  downscaled  historical  (1950-2005)  ERC  climatology  (Figure  3)  was 
broadly  consistent  with  the  observed  (1981-2010)  ERC  climatology  with  a  few  exceptions. 
Downscaled  historical  mean  fire  season  ERC  and  90th  and  97th  percentile  values  were  within  6 
units  of  observed  station  based  ERC  (Tables  4-6).  The  downscaled  historical  ERC  exhibited  a 
slight  shift  in  the  timing  of  high  fire  danger  days  relative  to  observations  with  more  days  in  June 
and  July  exceeding  ERC  thresholds  in  downscaled  data  versus  observations  and  vice-versa  for 
September  and  October.  While  simulated  historical  ERCs  may  not  have  the  exact  same 
characteristics  of  observed  ERCs  due  to  differences  in  how  GCMs  simulate  sequences  in 
variables  and  joint  variability  across  variables,  overall,  the  differences  are  small. 

Projected  changes  in  ERC  climatology  by  the  2020s  and  2050s  were  pronounced  during  the  peak 
of  the  fire  season  (Figure  3)  when  climate  change  projections  (e.g.,  increased  temperature, 
decreased  relative  humidity  and  precipitation;  Appendix  E)  were  most  conducive  to  drying  fuels. 
Projections  for  the  2050s  under  RCP8.5  showed  the  largest  magnitude  of  change  with  the  most 
models  agreeing  on  the  sign  of  the  change.  We  describe  results  for  the  2050s  under  RCP8.5. 
Projections  for  RCP4.5  and  the  2020s  under  both  scenarios  were  similar  albeit  with  a  smaller 
magnitude  and  less  model  agreement  and  are  presented  in  the  tables.  By  the  2050s,  multi-model 
mean  fire  season  ERC  increased  by  around  3  units  for  all  PSAs  under  RCP8.5  compared  to  the 
historical  baseline  (1950-2005)  (Figure  4,  Table  4).  The  90th  and  97th  percentile  ERC  value 
increased  by  a  larger  margin  of  between  4-7  units  (Tables  5,  6)  with  larger  increases  generally  in 
central  and  eastern  PSAs  (Figure  5).  The  larger  increase  in  extreme  ERC  values  compared  with 
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the  mean  resulted  in  an  increased  standard  deviation  of  fire  season  ERC  values  by  up  to  2  units 
on  average  (not  shown). 

The  multi-model  mean  projected  increase  in  fire  season  days  exceeding  the  90th  percentile 
historical  baseline  for  the  2050s  under  RCP8.5  was  6-11%  (9-17  days)  depending  on  the  PSA 
(Table  11,  Figure  6;  2020s  in  Table  12)  with  at  least  three-quarters  of  the  models  agreeing  on  the 
sign  of  change.  These  increases  in  high  fire  danger  days  were  most  pronounced  from  July 
through  September  with  actual  increases  of  8-13%  (2-4  days),  12-23%  (4-7  days),  and  7-14%  (2- 
4  days),  respectively,  with  at  least  three-quarters  model  agreement.  Much  smaller  increases  were 
noted  during  the  fire  season  shoulders  of  June  and  October  (Table  11).  Depending  on  the  PSA, 
approximately  20-30%  of  August  days  (6-9  days)  exceeded  the  90th  percentile  value  during  the 
historical  baseline  and  by  the  2050s  under  the  high  emissions  scenario  (RCP8.5)  some  models 
projected  that  50-75%  of  August  days  (15-23  days)  would  exceed  the  historic  baseline  90th 
percentile  threshold  (Figure  7).  Results  are  similar  for  actual  change  in  percent  of  fire  season 
days  exceeding  the  97th  percentile  except  changes  are  of  a  smaller  magnitude  with  projected  fire 
season  increases  of  3-8%  (4-12  days)  by  the  2050s  for  RCP8.5  (Table  13;  2020s  in  Table  14)  and 
the  largest  changes  also  occur  in  July,  August,  and  September. 

We  examined  the  contributions  of  each  variable  used  in  the  ERC  calculation  to  the  variance  of 
future  changes  in  mean  fire  season  ERC.  Aggregating  the  future  fire  season  changes  for  the 
2020s  and  2050s  and  both  RCPs,  we  computed  the  square  of  Pearson’s  correlation  coefficient 
between  ERC  changes  and  changes  in  TMIN,  TMAX,  RMIN,  RMAX,  PPT,  PDUR,  RSDS,  and 
SOW  during  the  fire  season  (Table  15).  ERC  increases  were  correlated  with  increases  in  TMIN, 
TMAX,  and  RSDS,  and  decreases  in  RMIN,  RMAX,  PPT,  PDUR,  and  SOW  (Appendix  F).  ERC 
was  most  sensitive  to  relative  humidity,  found  in  earlier  studies  (e.g.,  Brown  et  al.,  2004): 
changes  in  RMAX  explained  from  29%  to  56%  of  the  variance  in  ERC  changes  and  RMIN 
explained  from  40%  to  64%  of  the  variance  depending  on  the  PSA.  Changes  in  ERC  in  northern 
and  western  PSAs  tended  to  depend  more  heavily  on  changes  in  temperature,  relative  humidity, 
and  precipitation  than  southern  and  eastern  PSAs. 
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5.  Discussion 


Large  and  rapidly  spreading  fires  are  expected  when  the  ERC  exceeds  90th  and  97th  percentile 
values.  Thus,  the  firefighting  community  uses  these  values  to  support  requests  for  additional 
funds  to  hire  or  activate  additional  firefighting  resources,  extend  the  hours  of  operation  for 
existing  resources,  and  to  shift  resources  from  areas  with  lower  fire  danger  into  areas  with  higher 
danger,  especially  when  a  triggering  event,  such  as  thunderstorms  or  high  atmospheric  instability 
are  forecast.  Incident  management  teams  and  agency  administrators  use  the  current  ERC 
percentile  to  support  decisions  on  how  to  manage  individual  wildfires  and  complexes  of 
wildfires,  such  as  determining  what  values  may  be  at  risk  in  the  near  future,  how  long  the  fire 
may  bum,  and  how  aggressively  to  manage  the  fire  as  well  as  to  support  the  development  of 
contingency  plans.  The  projected  changes  in  ERC  by  mid-century  indicates  that  how  managers 
use  ERC  may  need  to  be  re-evaluated:  reliance  on  the  percentile  value  may  result  in  an 
underestimation  of  risks  in  the  future  as  the  current  value  associated  with  a  given  percentile 
increases  in  the  future. 

The  greatest  amount  of  change  in  mean  ERC  and  the  percent  of  days  above  the  long-term  90th 
and  97th  percentiles  occurred  historically  and  is  expected  to  occur  in  the  future  primarily  in 
August  and  September.  Small  increases  during  the  beginning  and  end  of  the  fire  season  (June 
and  October)  are  consistent  with  other  research  findings  that  the  fire  season  is  beginning  earlier 
and  lasting  longer  (e.g.,  Westerling  et  al.,  2006,  Abatzoglou  and  Kolden,  2011).  The  larger 
increases  in  ERC  during  the  peak  fire  season  are  associated  with  larger  changes  during  the  peak 
season  in  relative  humidity  and  to  a  lesser  degree,  temperature  consistent  with  regional  climate 
studies  indicating  larger  changes  in  these  variables  in  summer  than  in  spring  or  fall  (Mote  et  al., 
2013;  Collins  et  al.,  2013). 

Our  results  of  increasing  fire  danger  days  in  the  future  are  consistent  with  previous  fire  danger 
studies  in  the  Western  US  and  other  parts  of  the  world  using  different  fire  danger  indices.  Under 
doubled-COi  simulations,  the  number  of  high  fire  danger  days  increased  across  Australia 
(Williams  et  al.,  2001;  Beer  and  Williams,  1995)  and  fire  danger  increased  in  areal  extent  across 
Russian  and  Canadian  boreal  forests,  particularly  in  June  and  July  with  an  earlier  start  to  the  fire 
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season  (Stocks  et  al.,  1998).  In  the  western  US,  projected  increases  in  high  fire  danger  days 
(based  on  ERC)  associated  with  drying  over  most  of  the  West  occurred  throughout  the  21st 
century  and  were  most  pronounced  in  the  northern  Rockies,  Great  Basin,  and  the  Southwest 
(Brown  et  al.,  2004).  By  mid-century,  the  largest  increases  in  extreme  fire  danger  days  (defined 
as  ERC  >  60),  of  about  2  weeks,  occurred  in  eastern  Oregon  and  Washington  (Brown  et  al., 
2004).  Brown  et  al.  (2004)  also  found  that  increases  in  high  fire  danger  days  tended  to  occur 
within  the  fire  season  rather  than  substantially  lengthen  it,  consistent  with  our  results. 

However,  the  observed  trend  in  mean  October  ERC  and  projected  increases  (with  model 
agreement)  in  percent  of  October  days  exceeding  the  90th  and  97th  percentile  for  some  southern, 
central,  and  eastern  PSAs  suggests  that  further  attention  to  fire  behavior  and  management  toward 
the  end  of  the  fire  season  may  be  warranted  under  future  climate  change.  Although  the  reduction 
in  solar  zenith  angle  and  shortening  of  the  day  beginning  around  mid-September  decreases  fire 
potential,  large  growth  events  have  occurred  in  the  past  in  October.  These  remain  very  rare 
events  associated  with  extreme  October  weather  conditions  (e.g.,  very  high  temperatures,  very 
low  relative  humidity,  and  very  strong  winds)  and  tend  to  last  only  a  few  hours  as  opposed  to 
days. 

The  magnitude  of  projected  increase  in  ERC  values  is  greater  in  the  cooler,  moister  PSAs  with  a 
greater  marine  influence  year-round,  than  in  the  warmer,  drier  PSAs  on  the  east  side  of  the 
Cascades  Mountains.  Central  and  eastern  PSAs  tend  to  exhibit  larger  projected  future  increases 
in  percent  of  days  greater  than  the  90th  or  97th  percentiles  than  western  PSAs,  consistent  with 
Abatzoglou  and  Kolden  (2011)  and  the  larger  projected  increases  in  area  burned  for  the  eastern 
Cascade  Range  and  non-forested  systems  compared  to  the  western  Cascade  Range  (Littell  et  al., 
2013). 

Changes  in  ERC  in  forest-dominated  PSAs  are  more  sensitive  to  changes  in  relative  humidity, 
temperature,  and  precipitation  than  rangeland-dominated  PSAs,  suggesting  a  bias  in  the 
equations.  NFRDS  was  developed  in  a  time  when  little  weather  and  fuels  data  were  available  for 
rangelands,  range  fires  were  not  perceived  to  be  significant  problems,  crown  fires  in  forests  were 
rare,  and  computing  ability  was  limited.  Fire  research  at  the  time  was  focused  on  surface  fires  in 
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dead  continuous  fuels,  conducted  primarily  in  laboratories,  and  with  measures  easily  collected  in 
the  field  (e.g.,  Rothermel  1972;  Deeming  et  al.  1974;  Albini  1976).  Relative  humidity  and  even 
low  amounts  of  precipitation  affect  the  moisture  status  of  dead  fuels,  especially  fine  dead  fuels 
(Rothermel  1972),  but  have  little  effect  on  the  moisture  status  of  live  fuels.  Instead,  live  fuel 
moisture  responds  to  the  interaction  between  evapotranspiration  demand  and  soil  water 
availability  (Dennison  et  al.  2003;  Dimitrakopoulos  and  Bemmerzouk  2003),  of  which 
temperature  and  precipitation  may  serve  as  proxies.  Given  the  importance  of  live  fuels  in  crown 
fires  in  forests  and  conifer  woodlands  and  most  fires  in  shrublands  and  shrub-steppe  (Jolly  2007; 
Dennison  and  Moritz  2009),  a  re-examination  of  the  NFDRS  equations  may  be  warranted  to 
better  reflect  the  role  of  live  fuels  in  fire  danger.  Recent  research  has  focused  on  the  use  of 
remote  sensing  to  detect  changes  in  the  relative  water  content  or  effective  water  thickness  in 
leaves  to  determine  live  fuel  moisture  (e.g.,  Chuvieco  et  al.  2003;  Dennison  et  al.  2003; 
Dennison  et  al.  2005;  Yebra  et  al.  2008). 


6.  Conclusion 

The  energy  release  component  (ERC)  is  a  widely  used  fire  danger  index  assessing  the  potential 
for  large,  rapidly  spreading  fires.  Fire  managers  in  the  Northwest  are  concerned  about  using  ERC 
percentile  thresholds  to  determine  high  fire  danger  days  instead  of  a  set  value  as  the  climate 
continues  to  warm  in  the  future.  The  90th  and  97th  percentile  values  are  projected  to  increase  by  a 
greater  margin  than  the  mean  by  mid-century  indicating  that  the  thresholds  currently  used  to 
assess  fire  danger  are  a  “moving  target”  as  the  climate  changes,  motivating  a  reexamination  of 
the  understanding  of  fire  behavior  at  critical  ERC  values.  Future  changes  in  ERC  and  high  fire 
danger  days  are  expected  to  occur  during  the  existing  peak  fire  season  and  be  largest  in  areas 
already  experiencing  the  highest  number  of  high  fire  danger  days.  Future  projections  show  an 
exacerbation  of  existing  fire  danger  conditions.  Our  results  suggest  that  managers  should 
consider  using  a  threshold  value  based  on  the  historical  percentiles  (1981-2010).  Comparing 
large  fire  growth  events  against  both  the  threshold  value  and  the  current  percentile  value  may  not 
reveal  much  difference  in  the  short-term,  particularly  given  how  the  percentile  value  is 
calculated.  However,  over  time  as  the  actual  number  associated  with  a  given  percentile  increases, 
managers  may  well  see  a  difference  emerge. 
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Tables 


Table  1.  Description  of  Predictive  Services  Areas  (PSAs)  in  Oregon  and  Washington.  The  third  column  lists  the  number  of  key 


stations  within  each  PSA,  the  first  common  year  in  which  all  key  stations  report  data,  and  the  percent  of  fire  season  days  during  1981 

2010  in  which  all  stations  are  missing  data. 

#  of  Key 

RAWS  Elevation  Slope  Green-up  Date 

Designation  Subregional  Area  (year;  %msg)  Range  (m)  Range  Climate  Classes  Range 

NW01 

Northwestern  WA 

9  (2001;  7.6%) 

610-1036 

26-75% 

Humid-Wet 

Apr  15-Jun  23 

NW02 

Northwest  OR/  Southwest  WA 

8  (1997;  2.2%) 

610-762 

26-75% 

Humid 

Apr  13-May  1 

NW03 

Central  Western  OR 

8  (1995;  2.1%) 

154-1326 

41-55% 

Humid 

Apr  15-May  18 

NW04 

Southwestern  OR 

9  (1996;  3.3%) 

358-1252 

26-55% 

Subhumid-Humid 

Mar  1-Jun  9 

NW05 

Central  WA 

4  (1987;  9.2%) 

1116-1382 

41-55% 

Subhumid 

May  1-Jun  15 

NW06 

North  Central  OR 

6  (1991;  2.0%) 

1012-1431 

26-44% 

Subhumid 

Apr  22-Jun  2 

NW07 

South  Central  OR 

5  (1994;  1.8%) 

1385-1798 

26-44% 

Subhumid 

May  13-Jun  1 

NW08 

North  Central  WA 

4(1993;  1.5%) 

517-1979 

26-44% 

Subhumid 

Apr  7-Jun  28 

NW09 

Northeast  WA 

4  (1995;  6.1%) 

399-1413 

26-44% 

Subhumid 

Apr  25-May  26 

NW10 

Southeast  WA 

3  (2001;  4.1%) 

276-771 

0-25% 

Semi-arid 

Apr  6 

NW11 

Northeast  OR 

8  (1998;  2.8%) 

1158-1850 

26-55% 

Subhumid 

May  15-Jun  16 

NW12 

Southeast  OR 

5  (1994;  13.1%) 

134M984 

0-44% 

Semi-arid 

Apr  22-Jun  1 

23 


Table  2.  Eighteen  CMIP5  global  climate  models  downscaled  using  the  MACA  approach. 

Model  Center 


BCC-CSM1-1 

BCC-CSM1-1-M 

BNU-ESM 

CanESM2 

CNRM-CM5 

CSIRO-Mk3.6.0 

GFDL-ESM2G 

GFDL-ESM2M 

HadGEM2-CC* 

HadGEM2-ES* 

INM-CM4 

IPSL-CM5A-LR 

IPSL-CM5A-MR 

IPSL-CM5B-LR 

MIROC5 


MIROC-ESM 


MIROC-ESM-CHEM 


MRI-CGCM3 


Beijing  Climate  Center,  China  Meteorological  Administration,  China 

Beijing  Climate  Center,  China  Meteorological  Administration,  China 

College  of  Global  Change  and  Earth  System  Science,  Beijing  Normal 
University,  China 

Canadian  Centre  for  Climate  Modeling  and  Analysis 

National  Centre  of  Meteorological  Research,  France 

Commonwealth  Scientific  and  Industrial  Research 
Organization/Queensland  Climate  Change  Centre  of  Excellence, 
Australia 

NOAA  Geophysical  Fluid  Dynamics  Laboratory,  USA 

NOAA  Geophysical  Fluid  Dynamics  Laboratory,  USA 

Met  Office  Hadley  Center,  UK 
Met  Office  Hadley  Center,  UK 
Institute  for  Numerical  Mathematics,  Russia 
Institute  Pierre-Simon  Laplace,  France 
Institute  Pierre-Simon  Laplace,  France 
Institute  Pierre-Simon  Laplace,  France 

Atmosphere  and  Ocean  Research  Institute  (The  University  of  Tokyo), 
National  Institute  for  Environmental  Studies,  and  Japan  Agency  for 
Marine-Earth  Science  and  Technology 

Japan  Agency  for  Marine-Earth  Science  and  Technology,  Atmosphere 
and  Ocean  Research  Institute  (The  University  of  Tokyo),  and  National 
Institute  for  Environmental  Studies 

Japan  Agency  for  Marine-Earth  Science  and  Technology,  Atmosphere 
and  Ocean  Research  Institute  (The  University  of  Tokyo),  and  National 
Institute  for  Environmental  Studies 

Meteorological  Research  Institute,  Japan 


*The  HadGEM2  models  360-day  outputs  were  both  interpolated  to  365-day  calendars  before  the  MACA 
downscaling  process. 
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Table  3.  Definition  of  state  of  weather  (SOW)  codes  based  on  daily  precipitation  (PPT)  and 
percent  of  maximum  daily  solar  insolation  (%RSDSmax). 


SOW 

Description 

PPT 

%RSDSmax 

0 

Clear 

<0.01” 

>91 

1 

Scattered  clouds 

<0.01” 

73<%RSDSmax<91 

2 

Broken  clouds 

<0.01” 

50<%RSDSraax<73 

3 

Overcast 

<0.01” 

<50 

4 

Fog 

— 

— 

5 

Drizzle 

0.01”<PPT<0.05” 

— 

6 

Rain 

>0.05” 

— 
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Table  4.  Mean  fire  season  ERC  value  for  each  Predictive  Services  Area  (PSA)  based  on  a  June  1- 
October  31  fire  season.  The  first  column  shows  the  1981-2010  observed  mean  fire  season  ERC 
with  the  multi-model  average  fire  season  ERC  value  for  the  modeled  historical  period  (1950- 
2005)  in  parentheses.  Also  shown  are  the  multi-model  mean  projected  changes  in  mean  fire 
season  for  RCP4.5  and  RCP8.5  for  the  2020s  and  2050s.  Highlighted  cells  indicate  that  at  least 
three-quarters  (14  out  of  18)  of  the  models  agreed  on  the  sign  of  change. 

2020s  2050s 


PSA 

Historical  Baseline 

RCP4.5 

RCP8.5 

RCP  4.5 

RCP8.5 

NW01 

15(17) 

<1 

1 

2 

3 

NW02 

16  (20) 

<1 

1 

2 

3 

NW03 

22  (24) 

<1 

1 

2 

3 

NW04 

36  (37) 

<1 

1 

2 

3 

NW05 

47  (48) 

<1 

1 

2 

3 

NW06 

50  (50) 

<1 

1 

2 

3 

NW07 

49  (49) 

1 

1 

2 

3 

NW08 

43  (45) 

1 

1 

2 

4 

NW09 

41  (41) 

<1 

1 

2 

3 

NW10 

62  (60) 

1 

1 

2 

3 

NW11 

47  (48) 

1 

1 

2 

3 

NW12 

65  (62) 

1 

1 

2 

3 
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Table  5.  Fire  season  ERC  90th  percentile  value  for  each  Predictive  Services  Area  (PSA)  based  on 
a  June  1  through  October  31  fire  season.  The  first  column  shows  the  1981-2010  observed  value 
with  the  multi-model  average  fire  season  ERC  90th  percentile  value  for  the  modeled  historical 
period  (1950-2005)  in  parentheses.  Also  shown  are  the  multi-model  mean  projected  increases  in 
fire  season  ERC  90th  percentile  for  RCP4.5  and  RCP8.5  for  the  2020s  and  2050s.  Highlighted 
cells  indicate  that  at  least  three-quarters  (14  out  of  18)  of  the  models  agreed  on  the  sign  of 
change. 


2020s  2050s 


PSA 

Historical  Baseline 

RCP4.5 

RCP8.5 

RCP  4.5 

RCP8.5 

NW01 

31  (35) 

1 

1 

3 

5 

NW02 

34  (40) 

<1 

1 

3 

4 

NW03 

42  (43) 

<1 

1 

2 

4 

NW04 

57  (58) 

<1 

1 

2 

4 

NW05 

67  (69) 

1 

1 

4 

5 

NW06 

71  (72) 

1 

2 

3 

5 

NW07 

70(71) 

1 

2 

3 

5 

NW08 

65  (66) 

1 

2 

4 

6 

NW09 

67  (65) 

1 

1 

4 

6 

NW10 

79  (80) 

2 

3 

4 

5 

NW11 

72  (73) 

1 

2 

4 

5 

NW12 

86  (87) 

2 

2 

3 

5 
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Table  6.  Fire  season  ERC  97th  percentile  value  for  each  Predictive  Services  Area  (PSA)  based  on 
a  June  1  through  October  31  fire  season.  The  first  column  shows  the  1981-2010  observed  value 
with  the  multi-model  average  fire  season  ERC  97th  percentile  value  for  the  modeled  historical 
period  (1950-2005)  in  parentheses.  Also  shown  are  the  multi-model  mean  projected  increases  in 
fire  season  ERC  97th  percentile  for  RCP4.5  and  RCP8.5  for  the  2020s  and  2050s.  Highlighted 
cells  indicate  that  at  least  three-quarters  (14  out  of  18)  of  the  models  agreed  on  the  sign  of 
change. 


2020s  2050s 


PSA 

Historical  Baseline 

RCP4.5 

RCP8.5 

RCP  4.5 

RCP8.5 

NW01 

38 (43) 

<1 

1 

3 

6 

NW02 

42  (48) 

<1 

1 

2 

5 

NW03 

49  (50) 

<1 

1 

3 

4 

NW04 

63  (64) 

<1 

1 

2 

4 

NW05 

73  (76) 

1 

2 

4 

6 

NW06 

76  (78) 

1 

2 

4 

6 

NW07 

75  (78) 

1 

2 

4 

6 

NW08 

73  (74) 

1 

2 

4 

7 

NW09 

75  (73) 

1 

1 

4 

6 

NW10 

83  (85) 

2 

3 

4 

6 

NW11 

79  (81) 

1 

2 

4 

5 

NW12 

91  (94) 

2 

2 

4 

6 
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Table  7.  Percent  of  days  exceeding  the  90th  and  97th  percentile  ERC  value  each  month  during  the 
declared  fire  season  for  each  Predictive  Services  Area  based  on  data  from  1981  through  2010. 


PSA  June  July  August  September  October 


90th 

97th 

90th 

97th 

90th 

97th 

90th 

97th 

90th 

97th 

NW01 

2.0 

0.0 

5.6 

1.2 

20.0 

5.4 

14.4 

5.3 

3.7 

1.0 

NW02 

0.0 

0.0 

4.9 

0.4 

20.2 

5.7 

14.3 

5.3 

7.6 

1.6 

NW03 

0.0 

0.0 

2.6 

0.0 

17.6 

2.6 

18.5 

8.1 

8.7 

2.4 

NW04 

0.0 

0.0 

2.9 

0.0 

19.3 

4.2 

18.2 

6.6 

6.6 

1.6 

NW05 

0.5 

0.0 

5.0 

0.5 

20.5 

5.9 

14.7 

6.2 

4.2 

0.8 

NW06 

0.0 

0.0 

5.8 

0.4 

24.4 

7.0 

13.4 

4.8 

3.0 

0.2 

NW07 

0.0 

0.0 

2.0 

0.1 

16.6 

4.2 

18.2 

7.1 

8.9 

2.4 

NW08 

1.1 

0.0 

8.3 

1.5 

23.4 

8.5 

13.9 

5.0 

1.4 

0.0 

NW09 

0.0 

0.0 

4.1 

0.7 

24.9 

6.6 

17.5 

5.8 

2.2 

0.1 

NW10 

0.0 

0.0 

9.1 

2.5 

22.7 

6.9 

10.4 

3.3 

1.9 

0.0 

NW1 1 

0.0 

0.0 

1.9 

0.0 

22.4 

6.7 

17.3 

6.0 

4.3 

0.4 

NW12 

0.0 

0.0 

4.8 

1.0 

19.7 

7.8 

18.7 

5.0 

4.9 

0.9 
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Table  8.  Annual  trend  (units/year)  in  mean  ERC  value  for  the  fire  season  and  for  each  month  in 
the  fire  season  for  each  Predictive  Services  Area  over  the  analysis  period  (1981-2010).  Trends 
that  are  statistically  significant  at  the  95%  level  are  bolded  with  the  Mann-Kendall  p-value  or  the 
95%  confidence  interval  in  parentheses.  Confidence  intervals  from  a  bootstrapping  procedure  are 
displayed  instead  of  p-values  for  those  time  series  with  significant  autocorrelation. 


PSA 

Fire  Season 

June 

July 

August 

September 

October 

NW01 

0.00 

-0.10 

0.07 

0.13 

0.21 

0.06 

(1) 

(0.2319) 

(0.3178) 

(0.3678) 

(0.3110) 

(0.4530) 

NW02 

0.36 

0.04 

0.40 

0.57 

0.57* 

0.15 

(0.0007) 

(1) 

(0.0060) 

(0.0039) 

(0.0020) 

(0.2319) 

NW03 

0.33 

-0.04 

0.37 

0.59 

0.49 

0.16 

(0.0102) 

(0.8028) 

(0.0257) 

(0.0015) 

(0.1250) 

(0.2390) 

NW04 

0.42 

-0.08 

0.46* 

0.60* 

0.65* 

0.61 

(0.0102) 

(0.7784) 

(0.0420) 

(0.0022) 

(0.0075) 

(0.0409) 

NW05 

0.51* 

0.38 

0.79 

0.71 

0.86 

0.45 

(0.0002) 

(0.0811) 

(0.0000) 

(0.0001) 

(0.0003) 

(0.1095) 

NW06 

0.56 

0.14 

0.65 

0.73  (0.56, 

0.72* 

0.61 

(0.0001) 

(0.3724) 

(0.0015) 

1.28) 

(0.0017) 

(0.0138) 

NW07 

0.53  (0.43, 

0.08 

0.49 

0.69 

0.78 

0.67 

1.22) 

(0.7079) 

(0.0168) 

(0.0008) 

(0.0007) 

(0.0270) 

NW08 

0.74  (0.52, 

0.41 

0.88  (0.44, 

0.95  (0.45, 

0.86* 

0.62 

1.43) 

(0.1338) 

1.25) 

1.36) 

(0.0012) 

(0.0043) 

NW09 

0.62 

0.21 

0.54 

0.99 

0.84 

0.65 

(0.0007) 

(0.4325) 

(0.0176) 

(0.0002) 

(0.0052) 

(0.0153) 

NW10 

0.21 

-0.17 

0.42 

0.60 

0.16 

-0.01 

(0.1886) 

(0.7850) 

(0.0782) 

(0.0131) 

(0.9013) 

(0.8741) 

NW1 1 

0.63 

0.29 

0.68 

0.84 

0.77 

0.67 

(0.0002) 

(0.1868) 

(0.0012) 

(0.0005) 

(0.0113) 

(0.0048) 

NW12 

0.02 

-0.56 

0.15 

0.37 

0.35 

-0.22 

(0.8025) 

(0.0578) 

(0.6315) 

(0.0454) 

(0.1131) 

(0.4536) 

*Residuals  of  linear  regression  model  display  non-constant  variance  (i.e.,  Breusch-Pagan  p-value  <0.05);  linear 
model  inefficient  for  this  time  series 
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Table  9.  Annual  trend  (units/year)  in  percent  of  days  greater  than  the  long-term  fire  season  90th 
percentile  ERC  value  for  the  fire  season  and  for  each  month  in  the  fire  season  for  each  Predictive 
Services  Area  over  the  analysis  period  (1981-2010).  Trends  that  are  statistically  significant  at  the 
95%  level  are  bolded  with  the  Mann-Kendall  p-value  or  the  95%  confidence  interval  in 
parentheses.  Confidence  intervals  from  a  bootstrapping  procedure  are  displayed  instead  of  p- 
values  for  those  time  series  with  significant  autocorrelation. 


PSA 

Fire  Season 

June 

July 

August 

September 

October 

NW01 

0.06 

-0.01 

-0.29 

0.76 

0.35 

-0.15 

(0.92872) 

(0.6073) 

(0.7324) 

(-0.11,0.49) 

(0.5980) 

(0.8211) 

NW02 

0.68* 

0 

0.23 

1.9* 

1.03* 

0.14 

(0.0039) 

— 

(0.0254) 

(0.30, 1.03) 

(0.0317) 

(0.2411) 

NW03 

0.46 

0 

0.22 

1.57* 

0.64 

-0.20 

(0.0355) 

— 

(0.0768) 

(0.16,  0.94) 

(0.0418) 

(0.5954) 

NW04 

0.45 

0 

0.14 

0.98 

0.98 

0.31 

(0.0110) 

— 

(0.0757) 

(0.0239) 

(0.0645) 

(0.0789) 

NW05 

0.75* 

-0.03 

0.52* 

1.81* 

1.21* 

0.27 

(0.0001) 

(0.6757) 

(0.0062) 

(0.0006) 

(0.0003) 

(0.0761) 

NW06 

0.72* 

0 

0.65* 

1.82* 

0.86 

0.23 

(0.0001) 

— 

(0.0119) 

(0.0006) 

(0.0058) 

(0.0628) 

NW07 

0.67* 

0 

0.11 

1.36* 

1.61* 

0.26 

(0.0005) 

— 

(0.1716) 

(0.0006) 

(0.0002) 

(0.1007) 

NW08 

1.01* 

0.19* 

0.95* 

2.49* 

1.25* 

0.13 

(0.61, 1.59) 

(0.0378) 

(0.42, 1.17) 

(0.67,  1.64) 

(0.0063) 

(0.2802) 

NW09 

0.61* 

0 

0.08 

1.70* 

1.25* 

0.01 

(0.34, 1.16) 

— 

(0.3291) 

(0.0324) 

(0.38,  1.07) 

(0.5610) 

NW10 

0.46 

0 

0.24 

1.78* 

0.40 

-0.21 

(0.1189) 

— 

(0.2321) 

(0.0106) 

(0.2538) 

(0.5133) 

NW1 1 

0.62* 

0 

0.23 

1.69* 

1.05* 

0.16 

(0.0012) 

— 

(0.2017) 

(0.0027) 

(0.0131) 

(0.1818) 

NW12 

0.33 

0 

0.17 

0.85 

0.70 

-0.08 

(0.1546) 

— 

(0.8967) 

(0.3342) 

(0.1865) 

(1) 

*Residuals  of  linear  regression  model  display  non-constant  variance  (i.e.,  Breusch-Pagan  p-value  <0. 1);  linear 
model  inefficient  for  this  time  series 
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Table  10.  Annual  trend  (units/year)  in  percent  of  days  greater  than  the  long-term  fire  season  97th 
percentile  ERC  value  for  the  fire  season  and  for  each  month  in  the  fire  season  for  each  Predictive 
Services  Area  over  the  analysis  period  (1981-2010).  Trends  that  are  statistically  significant  at  the 
95%  level  are  bolded  with  the  Mann-Kendall  p-value  or  the  95%  confidence  interval  in 
parentheses.  Confidence  intervals  from  a  bootstrapping  procedure  are  displayed  instead  of  p- 
values  for  those  time  series  with  significant  autocorrelation. 


PSA 

Fire  Season 

June 

July 

August 

September 

October 

NW01 

0.03 

0 

-0.17 

0.19 

0.32 

-0.10 

(0.7770) 

— 

(0.2480) 

(0.5026) 

(0.7373) 

(0.3700) 

NW02 

0.23 

0 

-0.06 

0.70* 

0.56* 

-0.08 

(0.1355) 

— 

(0.2480) 

(0.0225) 

(0.0189) 

(0.6929) 

NW03 

0.08 

0 

0 

0.29* 

0.21 

-0.13 

(0.2591) 

— 

— 

(0.0150) 

(0.4549) 

(0.5123) 

NW04 

0.12 

0 

0 

0.12 

0.48 

0.07 

(0.0929) 

— 

— 

(0.6950) 

(0.0229) 

(0.2313) 

NW05 

0.28* 

0 

0.04 

0.68* 

0.63* 

0.06 

(0.0019) 

— 

(0.6182) 

(0.0025) 

(0.0050) 

(0.4148) 

NW06 

0.26* 

0 

0.05 

0.79* 

0.46* 

0.02 

(0.0018) 

— 

(0.1145) 

(0.0008) 

(0.0303) 

(0.3390) 

NW07 

0.25* 

0 

-0.002 

0.40 

0.63* 

0.22* 

(0.0014) 

— 

(0.9080) 

(0.0768) 

(0.0048) 

(0.0284) 

NW08 

0.32 

0 

0.20 

0.87 

0.55* 

0 

(0.0003) 

— 

(0.0139) 

(0.0037) 

(0.0194) 

— 

NW09 

0.22* 

0 

0.04 

0.61* 

0.46 

-0.01 

(0.0431) 

— 

(0.8681) 

(0.0426) 

(0.0554) 

(0.6440) 

NW10 

0.23 

0 

0.002 

0.85* 

0.26 

0 

(0.1192) 

— 

(0.6955) 

(0.0099) 

(0.4110) 

— 

NW1 1 

0.25* 

0 

0 

0.71* 

0.54 

0.02 

(0.0035) 

— 

— 

(0.0049) 

(0.0761) 

(0.4075) 

NW12 

0.03 

0 

0.02 

0.13 

0.09 

-0.09 

(0.6994) 

— 

(1) 

(0.6286) 

(0.7451) 

(0.7794) 

*Residuals  of  linear  regression  model  display  non-constant  variance  (i.e.,  Breusch-Pagan  p-value  <0. 1);  linear 
model  inefficient  for  this  time  series 
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Table  11.  Multi-model  mean  change  in  percent  (%)  of  days  exceeding  the  90th  percentile  ERC 
value  each  month  during  the  declared  fire  season  for  each  Predictive  Services  Area  for  the  2050s 
under  both  scenarios  (RCP4.5  and  RCP8.5).  Highlighted  cells  indicate  that  at  least  three-quarters 
(14  out  of  18)  of  the  models  agreed  on  the  sign  of  change. 


PSA  Fire  Season  June  July  August  September  October 


4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

NW01 

5.1 

7.6 

1.6 

3.2 

8.5 

12.3 

10.7 

14.4 

3.6 

7.3 

0.8 

0.7 

NW02 

4.2 

6.3 

1.1 

1.7 

6.6 

10.1 

9.2 

12.2 

3.5 

6.5 

0.7 

0.8 

NW03 

4.3 

6.4 

1 

1.2 

6.6 

10 

9.7 

12.9 

3.3 

6.5 

0.6 

1 

NW04 

4.2 

6.3 

1.2 

1.1 

5.5 

9 

9.5 

11.5 

4.1 

7.5 

0.6 

2.3 

NW05 

5.7 

8.8 

1.8 

2.5 

8.6 

12.7 

11.2 

16.8 

5.6 

10.1 

1.1 

1.7 

NW06 

5.7 

8.4 

1.8 

2.3 

8 

11.6 

11.9 

15.7 

5.9 

10.6 

1 

1.8 

NW07 

5.4 

7.5 

1.9 

2.1 

6.4 

9.6 

12.4 

13.5 

5.2 

9.2 

1 

3.1 

NW08 

6.5 

9.7 

2.9 

4.3 

9.4 

13.4 

13 

19 

6.4 

10.7 

0.9 

1.2 

NW09 

5.4 

7.6 

1.6 

1.7 

6.8 

9.5 

11.6 

15.4 

5.6 

9.9 

1 

1.4 

NW10 

7.4 

11.1 

2.1 

2.5 

9.9 

15.9 

16.2 

22.5 

7.8 

13.5 

0.6 

1.1 

NW11 

5.3 

7.1 

0.9 

0.9 

6.3 

8.3 

12.5 

13.3 

5.7 

10.7 

1.2 

2.3 

NW12 

5.7 

7.7 

0.9 

0.9 

7.1 

10 

13.3 

14.1 

5.8 

10.7 

1.2 

2.6 
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Table  12.  Multi-model  mean  change  in  percent  (%)  of  days  exceeding  the  90th  percentile  ERC 
value  each  month  during  the  declared  fire  season  for  each  Predictive  Services  Area  for  the  2020s 
under  both  scenarios  (RCP4.5  and  RCP8.5).  Highlighted  cells  indicate  that  at  least  three-quarters 
(14  out  of  18)  of  the  models  agreed  on  the  sign  of  change. 

PSA  Fire  Season  June  July  August  September  October 


4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

NW01 

0.9 

1.9 

0.4 

0.6 

1.5 

2.7 

1.1 

3.6 

1.8 

2 

-0.5 

0.5 

NW02 

0.5 

1.5 

0.2 

0.1 

0.4 

1.5 

1.7 

3.1 

0.4 

2.4 

-0.4 

0.3 

NW03 

0.5 

1.7 

0 

0.2 

0 

1.4 

3 

4.5 

-0.1 

2.5 

-0.6 

-0.3 

NW04 

0.6 

2 

0 

0.2 

-0.2 

1.9 

3.4 

5.2 

0.3 

2.8 

-0.6 

-0.1 

NW05 

1.3 

2.1 

0.8 

0.4 

1.5 

2.3 

2.6 

3.8 

1.3 

3.1 

0.1 

0.7 

NW06 

1.6 

3 

0.5 

0.7 

0.8 

2.8 

4.9 

6.4 

1.7 

5 

0.2 

0.2 

NW07 

2 

3.3 

0.2 

0.7 

0.9 

2.5 

6.3 

8.2 

2.5 

5 

0.2 

0 

NW08 

1.8 

2.9 

1.2 

1 

1.6 

3.2 

3.8 

6.3 

2.4 

3.6 

0.2 

0.5 

NW09 

1.3 

1.7 

0.8 

0.3 

1.1 

1.2 

2.9 

3.9 

1.6 

2.7 

0.2 

0.4 

NW10 

3 

5.2 

0.9 

0.8 

3.1 

6.6 

7.4 

12 

3.1 

6.1 

0.2 

0.3 

NW11 

1.6 

2.6 

0.1 

0.3 

1 

2.1 

4.3 

6.1 

1.9 

4.2 

0.4 

0.1 

NW12 

2.4 

3.5 

0.2 

0.4 

1.6 

3.9 

6.1 

7.9 

2.9 

5.1 

0.9 

0.3 
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Table  13.  Multi-model  mean  change  in  percent  (%)  of  days  exceeding  the  97th  percentile  ERC 
value  each  month  during  the  declared  fire  season  for  each  Predictive  Services  Area  for  the  2050s 
under  both  scenarios  (RCP4.5  and  RCP8.5).  Highlighted  cells  indicate  that  at  least  three-quarters 
(14  out  of  18)  of  the  models  agreed  on  the  sign  of  change. 


PSA  Fire  Season  June  July  August  September  October 


4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

NW01 

2.8 

4.6 

0.7 

1.4 

3.9 

7.1 

6.4 

9 

1.9 

4.8 

0.9 

0.7 

NW02 

1.9 

3.2 

0.5 

0.7 

2.3 

4.9 

4.7 

5.9 

1.5 

3.8 

0.6 

0.5 

NW03 

2.1 

3.3 

0.5 

0.5 

2.8 

5.2 

5.5 

6.4 

1.4 

4.1 

0.3 

0.4 

NW04 

2.2 

3.5 

0.4 

0.4 

2.9 

5 

5.4 

6 

2.2 

4.7 

0.3 

1.3 

NW05 

3.6 

5.8 

0.9 

1.1 

5 

8.2 

7.6 

11.8 

3.8 

6.5 

0.8 

1.1 

NW06 

3.6 

5.4 

1 

1 

4.6 

7.6 

8.3 

11.1 

3.3 

6.3 

0.4 

0.8 

NW07 

3.2 

4.5 

1 

0.7 

3.7 

6.1 

7.5 

8.9 

3.1 

5.2 

0.6 

1.6 

NW08 

4.2 

6.6 

1.5 

2.1 

6.2 

9.7 

9.5 

14.5 

3.2 

5.8 

0.4 

0.6 

NW09 

3.5 

5.4 

0.4 

0.8 

3.7 

6.4 

9.1 

12.4 

4 

6.4 

0.3 

0.6 

NW10 

5 

7.9 

1 

0.9 

7.3 

11.7 

12.3 

19 

3.9 

7.5 

0 

0.3 

NW11 

3.3 

4.6 

0.3 

0.3 

3.3 

5.1 

8.9 

11.1 

3.3 

5.9 

0.4 

0.8 

NW12 

4 

5.8 

0.4 

0.4 

4.1 

7 

11 

13.3 

3.7 

6.8 

0.5 

1 
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Table  14.  Multi-model  mean  change  in  percent  (%)  of  days  exceeding  the  97th  percentile  ERC 
value  each  month  during  the  declared  fire  season  for  each  Predictive  Services  Area  for  the  2020s 
under  both  scenarios  (RCP4.5  and  RCP8.5).  Highlighted  cells  indicate  that  at  least  three-quarters 
(14  out  of  18)  of  the  models  agreed  on  the  sign  of  change. 


PSA  Fire  Season  June  July  August  September  October 


4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

4.5 

8.5 

NW01 

0.3 

0.7 

0.3 

0.2 

0.6 

0.8 

0.4 

1.6 

0.6 

0.9 

-0.3 

0.2 

NW02 

-0.1 

0.5 

0.2 

0.1 

-0.2 

0.3 

0 

1.2 

0.1 

0.8 

-0.4 

-0.1 

NW03 

0 

0.7 

0.1 

0.1 

-0.2 

0.2 

0.5 

2.2 

-0.1 

1.2 

-0.3 

-0.2 

NW04 

0.3 

1 

0.1 

-0.1 

0.2 

0.9 

1 

2.6 

0.4 

1.9 

-0.2 

-0.1 

NW05 

0.6 

1.1 

0.5 

0.2 

0.8 

1.5 

1.3 

2.2 

0.5 

1.7 

0 

0.2 

NW06 

0.9 

1.7 

0.3 

0.2 

0.4 

1.4 

2.7 

4.5 

1.2 

2.5 

0.1 

0 

NW07 

1.1 

1.7 

0.1 

0.2 

0.6 

1.4 

2.9 

4.5 

1.5 

2.3 

0.2 

0 

NW08 

1.1 

1.6 

0.8 

0.4 

1.7 

1.9 

2.2 

4 

0.6 

1.5 

0.1 

0 

NW09 

0.9 

1.1 

0.3 

0.1 

1.3 

0.8 

2.5 

3.1 

0.2 

1.2 

0.1 

0.1 

NW10 

1.7 

3.2 

0.5 

0.3 

2 

4 

4.8 

8.6 

1.3 

2.8 

0.1 

0 

NW11 

0.9 

1.5 

0.1 

0 

0.9 

1.3 

2.8 

4.6 

0.8 

1.8 

0 

0 

NW12 

1.5 

2.3 

0.2 

0.1 

1.4 

2.6 

4 

6.1 

1.8 

2.6 

0.3 

0.1 
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Table  15.  Fraction  of  variance  in  future  ERC  changes  explained  by  future  changes  in  tmax,  tmin, 
rmax,  rmin,  ppt,  pdur,  rsds,  and  sow  during  the  fire  season  for  each  PSA.  Values  are  the  square 
of  Pearson’s  correlation  coefficient. 


PSA 

TMAX 

TMIN 

RMAX 

RMIN 

PPT 

PDUR 

RSDS 

SOW 

NW01 

0.36 

0.39 

0.56 

0.51 

0.18 

0.27 

0.18 

0.30 

NW02 

0.36 

0.38 

0.50 

0.48 

0.28 

0.34 

0.15 

0.31 

NW03 

0.36 

0.36 

0.43 

0.47 

0.29 

0.35 

0.22 

0.26 

NW04 

0.34 

0.29 

0.38 

0.40 

0.19 

0.31 

0.26 

0.33 

NW05 

0.32 

0.34 

0.47 

0.59 

0.02 

0.01 

0.20 

0.30 

NW06 

0.28 

0.31 

0.44 

0.53 

0.16 

0.17 

0.33 

0.43 

NW07 

0.22 

0.20 

0.39 

0.41 

0.08 

0.11 

0.20 

0.40 

NW08 

0.25 

0.30 

0.54 

0.64 

0.05 

0.04 

0.19 

0.40 

NW09 

0.21 

0.25 

0.50 

0.62 

0.04 

0.07 

0.23 

0.46 

NW10 

0.19 

0.21 

0.45 

0.57 

<0.01 

0.01 

0.17 

0.32 

NW1 1 

0.15 

0.14 

0.31 

0.49 

0.03 

0.06 

0.08 

0.37 

NW12 

0.09 

0.11 

0.29 

0.44 

<0.01 

<0.01 

0.06 

0.30 
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Figure  1.  Predictive  Service  Areas  and  the  key  Remote  Automated  Weather  Stations  in 
Washington  and  Oregon. 
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Figure  2.  90th  percentile  ERC  by  PSA  calculated  over  fire  season  months  during  1981-2010. 
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Figure  3.  Seasonal  ERC  Climatology  for  downscaled  data 
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Figure  4.  Mean  ERC  by  PSA  averaged  over  fire  season  months  (Jun-Oct)  during  the  modeled 
historic  baseline  (1950-2005),  2020s,  and  2050s,  for  RCP4.5  and  RCP8.5.  Boxes  display  the 
mean  and  plus/minus  one  standard  deviation  and  whiskers  display  the  extremes  of  the  17  GCMs. 
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Change  in  Fire  Season  90th  Percentile  ERC  for  rcp85  2020 


Longitude 


Figure  5.  Future  changes  in  fire  season  90th  percentile  ERC  for  RCP8.5  for  the  2020s  (top)  and 
2050s  (bottom)  compared  to  the  historical  baseline  (1950-2005)  for  each  PSA.  Shaded  regions 
indicate  that  more  than  75%  (at  least  14  out  of  18)  of  the  models  agreed  on  the  sign  of  change. 
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Change  in  %  of  Fire  Season  Days  Exceeding  the  90th  Percentile  ERC  for  rcp85  2020 


Change  in  %  of  Fire  Season  Days  Exceeding  the  90th  Percentile  ERC  for  rcp85  2050 


Figure  6.  Future  changes  in  %  of  fire  season  days  exceeding  the  baseline  90th  percentile  ERC  for 
RCP8.5  for  the  2020s  (top)  and  2050s  (bottom)  compared  to  the  historical  baseline  (1950-2005) 
for  each  PSA.  Shaded  regions  indicate  that  more  than  75%  (at  least  14  out  of  18)  of  the  models 
agreed  on  the  sign  of  change. 
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%  August  Days  Greater  Than  90th  Percentile  ERC 


NW01  NW02  NW03 


Figure  7.  Percent  of  August  days  exceeding  the  historic  fire  season  ERC  90th  percentile  value  by 
PSA  during  the  modeled  historic  baseline  (1950-2005),  2020s,  and  2050s,  for  RCP4.5  and 
RCP8.5.  Boxes  display  the  mean  and  plus/minus  one  standard  deviation  and  whiskers  display  the 
extremes  of  the  18  GCMs. 
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Appendix  A:  Seasonal  ERC  Climatology 


Figures  A1-A12  display  the  daily  climatology  of  ERC  calculated  over  1981-2010  for  each  PSA. 
Plotted  are  the  mean  (solid  black),  median  (dashed  black),  lower  and  upper  quartiles  (blue),  and 
maximum  (green).  Vertical  lines  demarcate  the  start  (June  1)  and  end  (October  31)  of  the  fire 
season.  Horizontal  red  lines  display  the  long-term  fire  season  mean,  90th  percentile  and  97th 
percentile  values. 


Figure  Al.  NW01  ERC  Climatology 
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Figure  A2.  NW02  ERC  Climatology 


NW02  ERC  Climatology  (1981-2010) 


NW03  ERC  Climatology  (1981-2010) 
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Figure  A4.  NW04  ERC  Climatology 
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Figure  A6.  NW06  ERC  Climatology 


NW06  ERC  Climatology  (1981-2010) 


e  A7.  NW07  ERC  Climatology 


NW07  ERC  Climatology  (1981-2010) 
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Figure  A8.  NW08  ERC  Climatology 

NW08  ERC  Climatology  (1981-2010) 


e  A9.  NW09  ERC  Climatology 

NW09  ERC  Climatology  (1981-2010) 
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Figure  A10.  NW10  ERC  Climatology 


NW10  ERC  Climatology  (1981-2010) 
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Figure  A 12.  NW12  ERC  Climatology 


NW12  ERC  Climatology  (1981-2010) 
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Appendix  B:  Percent  of  Days  Exceeding  90th  Percentile  ERC 


Figures  B1-B5  display  the  percent  of  days  in  each  fire  season  month  (June-October)  during 
1981-2010  that  exceed  the  1981-2010  fire  season  90th  percentile  ERC  threshold. 


Figure  Bl.  Percent  of  June  days  greater  than  90th  percentile  ERC  threshold. 
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Figure  B2.  Percent  of  July  days  greater  than  90th  percentile  ERC  threshold. 
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gure  B3.  Percent  of  August  days  greater  than  90th  percentile  ERC  threshold. 
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Figure  B4.  Percent  of  September  days  greater  than  90th  percentile  ERC  threshold. 
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gure  B5.  Percent  of  October  days  greater  than  90th  percentile  ERC  threshold. 
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Appendix  C:  Trends  in  Mean  Fire  Season  ERC 


Figures  Cl -Cl 2  display  the  annual  time  series  and  linear  least  square  trends  (red)  in  fire  season 
mean  ERC  from  1981-2010  for  each  PSA.  The  slope  of  the  trend  in  ERC  units  per  year  along 
with  the  Mann-Kendall  p-value  is  noted  in  the  top  left  corner. 

Figure  Cl.  NW01  Fire  Season  Mean  ERC.  There  are  no  significant  trends  for  the  fire  season  or 
for  any  month  of  the  fire  season. 


NW01  Fire  Season  Mean  ERC 
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Figure  C2.  NW02  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.4/year.  Similar  increasing  trends  are  seen  in  July,  August,  and 
September. 


NW02  Fire  Season  Mean  ERC 


Year 


Figure  C3.  NW03  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.3/year.  Similar  increasing  trends  are  seen  in  July  and  August. 
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Figure  C4.  NW04  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  mean  of  about  0.4/year.  Similar  significant  increasing  trends  are  seen  in  July,  August, 
September,  and  October. 


NW04  Fire  Season  Mean  ERC 


Figure  C5.  NW05  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.5/year.  Similar  increasing  trends  are  seen  in  July,  August,  and 
September. 
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Figure  C6.  NW06  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.6/year.  Similar  increasing  trends  are  seen  in  all  fire  season  months 
except  June. 
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Figure  C7.  NW07  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.5/year.  Similar  increasing  trends  are  seen  in  all  fire  season  months 
except  June. 
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Figure  C8.  NW08  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.7/year.  Similar  increasing  trends  are  seen  in  all  fire  season  months 
except  June. 
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Figure  C9.  NW09  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.6/year.  Similar  increasing  trends  are  seen  in  all  fire  season  months 
except  June. 
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Figure  CIO.  NWIO  Fire  Season  Mean  ERC.  There  is  no  significant  trend  in  the  mean  fire  season 
ERC,  but  there  is  a  positive  and  significant  trend  in  August  of  about  0.6/year. 
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Figure  Cll.  NW11  Fire  Season  Mean  ERC.  There  is  a  significant  increasing  trend  in  the  fire 
season  ERC  mean  of  about  0.6/year.  Similar  significant  increasing  trends  are  seen  in  all  fire 
season  months  except  June. 
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Energy  Release  Component 


Figure  C12.  NW12  Fire  Season  Mean  ERC.  There  are  no  significant  increasing  trends  in  mean 
fire  season  ERC,  but  there  is  a  positive  and  significant  trend  in  August  of  about  0.4/year. 
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Appendix  D:  Trends  in  %  of  Days  Exceeding  90th  Percentile  ERC 

Figures  D1-D12  display  the  annual  time  series  from  1981-2010  of  the  percent  of  fire  season  days 
greater  than  the  90th  and  97th  percentile  thresholds  for  1981-2010  for  each  PSA. 

Figure  Dl.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW01.  There  are  no  significant  trends  for  the  fire  season  or  for  any  month  of  the 
fire  season.  The  two  years  with  the  largest  percent  of  fire  season  days  above  the  90th  and  97th 
percentiles  are  2003  and  1985  with  the  majority  of  those  days  occurring  in  July  and  August. 
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NW01  Percent  of  Fire  Season  Days  Greater  than  97th  Percentile  ERC 
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Figure  D2.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW02.  There  is  a  significant  positive  trend  in  percent  of  fire  season  days  greater 
than  the  90th,  but  it  appears  to  be  dominated  by  generally  larger  values  in  the  early-  to  mid- 
2000s  that  occur  mostly  in  August  and  September.  July,  August,  and  September  also  have 
significant  positive  trends.  There  are  also  significant  positive  trends  in  percent  of  days  above  the 
97th  percentile  in  August  and  September,  but  not  for  the  entire  fire  season. 


NW02  Percent  of  Fire  Season  Days  Greater  than  90th  Percentile  ERC 


NW02  Percent  of  Fire  Season  Days  Greater  than  97th  Percentile  ERC 
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Figure  D3.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW03.  The  significant  positive  trend  in  percent  of  fire  season  days  greater  than 
the  90th  appears  to  be  dominated  by  generally  larger  percentages  in  the  early-  to  mid-  2000s  that 
occur  mostly  in  August.  August  and  September  also  have  significant  positive  trends.  Only  in 
August  is  the  positive  trend  in  percent  of  days  above  the  97th  percentile  significant. 
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Figure  D4.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW04.  The  positive  trend  in  percent  of  fire  season  days  greater  than  the  90th 
suggests  the  percent  of  days  is  increasing  with  contributions  mainly  from  August  and  September. 
The  August  trend  is  also  significant.  Only  the  September  trend  is  significantly  increasing  for 
percent  of  days  above  the  97th  percentile. 
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Figure  D5.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW05.  There  is  a  positive  trend  in  percent  of  fire  season  days  greater  than  the 
90th  with  significant  positive  trends  also  in  July,  August,  and  September.  Percent  of  days  above 
the  97th  percentile  has  an  increasing  trend  during  the  fire  season  and  August  and  September, 
though  virtually  no  days  exceed  the  97th  percentile  prior  to  1993. 
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Figure  D6.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW06.  There  is  a  positive  trend  in  percent  of  fire  season  days  greater  than  the  90th 
and  97th,  similarly  in  August  and  September,  and  in  July  only  for  the  90th  percentile. 
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Figure  D7.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW07.  There  is  a  positive  trend  in  percent  of  fire  season  days  greater  than  the 
90th,  similarly  in  August  and  September.  There  is  also  a  significant  positive  trend  in  percent  of 
fire  season  days  exceeding  the  97th  percentile,  similarly  in  September  and  October. 


NW07  Percent  of  Fire  Season  Days  Greater  than  90th  Percentile  ERC 


NW07  Percent  of  Fire  Season  Days  Greater  than  97th  Percentile  ERC 
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Figure  D8.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW08.  The  positive  trend  in  percent  of  fire  season  days  greater  than  the  90th  is 
dominated  by  markedly  larger  percentages  during  the  2000s  compared  to  the  rest  of  the  period. 
The  percent  of  August  days  greater  than  the  90th  increases  in  a  similar  fashion.  Significant 
positive  trends  occur  in  all  fire  season  months  except  October.  Significant  positive  trends  in 
percent  of  days  greater  than  the  97th  percentile  are  seen  for  the  fire  season  and  the  months  of 
July,  August,  and  September. 
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Figure  D9.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW09.  There  are  significant  positive  trends  in  percent  of  fire  season  days  greater 
than  the  90th  and  97th  percentiles  with  similar  trends  in  August  and  for  the  90th  percentile,  also  in 
September. 
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Figure  DIO.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW 10.  There  are  no  significant  trends  in  the  percent  of  fire  season  days  greater 
than  the  90th  or  97th  percentiles,  but  the  positive  trends  in  August  are  significant. 
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Figure  Dll.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97  th  (bottom)  percentile 
thresholds  for  NW 11.  There  are  increasing  trends  in  percent  of  fire  season  days  greater  than  the 
90th  and  97th  percentiles,  similarly  in  August  and  for  the  90th  also  in  September. 
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Figure  D12.  Percent  of  fire  season  days  greater  than  the  90th  (top)  and  97th  (bottom)  percentile 
thresholds  for  NW 12.  There  are  no  significant  trends  in  percent  of  days  greater  than  the  90th  or 
97th  percentiles  for  the  fire  season  or  for  any  month. 


NW12  Percent  of  Fire  Season  Days  Greater  than  90th  Percentile  ERC 


NW12  Percent  of  Fire  Season  Days  Greater  than  97th  Percentile  ERC 


74 


Maximum  Temperature  Maximum  Temperature  Maximum  Temperature  Maximum  Temperature 


Appendix  E:  Seasonal  Climate  Projections 


Figure  El.  Daily  climatology  of  TMAX  for  modeled  historical  baseline  (black),  2020s  (blue), 
and  2050s  (orange)  for  RCP4.5  (dashed)  and  RCP8.5  (solid)  for  each  PSA. 
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Minimum  Temperature  Minimum  Temperature  Minimum  Temperature  Minimum  Temperature 


Figure  E2.  As  in  Figure  El,  but  for  TMIN. 


Mean  TMIN  Climatology 
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Figure  E3.  As  in  Figure  El,  but  for  RMAX 


Mean  RMAX  Climatology 
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Figure  E4.  As  in  Figure  El,  but  for  RMIN 
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Figure  E5.  As  in  Figure  El,  but  for  PPT, 
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Appendix  F:  Change  in  ERC  vs.  Change  in  Contributing  Variables 


Figure  FI.  Change  in  fire  season  mean  ERC  as  a  function  of  change  in  fire  season  mean  RMAX 
for  RCP8.5  (plus),  RCP4.5  (circle),  2020s  (blue),  and  2050s  (orange)  for  each  PSA. 
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Figure  F2.  As  in  Figure  FI,  but  for  RMIN. 
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Figure  F3.  As  in  Figure  FI,  but  for  TMAX. 
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Figure  F4.  As  in  Figure  FI,  but  for  TMIN. 
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Figure  F5.  As  in  Figure  FI,  but  for  PPT. 
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Figure  F6.  As  in  Figure  FI,  but  for  PDUR. 
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Figure  F7.  As  in  Figure  FI,  but  for  RSDS. 
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Figure  F8.  As  in  Figure  FI,  but  for  SOW. 
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